In patients with severe autonomic dysfunction, water ingestion elicits an acute pressor response. Hypertension may be associated with changes in cardiovascular autonomic modulation, but there is no information on the acute effects of water ingestion in patients with hypertension. In this study, we compared the effect of acute water ingestion on haemodynamic and autonomic responses of hypertensive and normotensive individuals. Eight patients with mild hypertension were compared to 10 normotensive individuals. After 30 min resting in the supine position all subjects ingested 500 ml of water. At baseline and after water ingestion, venous blood samples for plasma volume determination were collected, and electrocardiographic tracings, finger blood pressure, forearm blood flow and muscle sympathetic nerve activity (MSNA) were obtained. Water ingestion resulted in similar and minor reduction in plasma volume. Systolic and diastolic blood pressure increased in both hypertensive (mean7s.d.: 19/1476/ 3 mm Hg) and normotensive subjects (17/1476/3 mm Hg). There was an increase in forearm vascular resistance and in MSNA. Heart rate was reduced (hypertensive: 571 beats/min, normotensive: 576 beats/min) and the high-frequency component of heart rate and systolic blood pressure variability was increased. In hypertensive and normotensive individuals, acute water ingestion elicits a pressor response, an effect that is most likely determined by an increased vasoconstrictor sympathetic activity, and is counterbalanced by an increase in blood pressure and heart rate vagal modulation.
Introduction
Acute oral ingestion of water induces a pressor response in humans, that is associated with an increase in plasma norepinephrine levels, 1,2 sympathetic nerve discharge 2 and increase in peripheral vascular resistance, [2] [3] [4] [5] with no effect on plasma volume. 1, 6 This increase in blood pressure after water ingestion is not obtained when the same amount of water is administered by venous infusion. 1 In patients with severe autonomic dysfunction, the acute ingestion of 500 ml of water may increase systolic blood pressure by up to 37 mm Hg, contributing to the reduction in symptoms associated with orthostatic hypotension. 1 In elderly healthy individuals, the water pressor response is more modest. 1 In young healthy individuals, although preventing syncope, 7 acute water ingestion has little effect on blood pressure. 2, 5, 8 Comparing the effect of acute water ingestion in normotensive and spontaneously hypertensive rats, Hoffman et al. 9 observed that hypertensive rats responded with a higher increase in blood pressure than normotensive rats. If this is also the case in humans, it would have potential implications in follow-up measurements of blood pressure as well as in the treatment of druginduced hypotensive episodes in patients with hypertension. However, to our knowledge, the effect of acute water ingestion on blood pressure response of humans with systemic arterial hypertension has not been studied yet. Therefore, this study compared the effect of acute water ingestion on haemodynamic and autonomic responses of hypertensive and normotensive individuals, to test the hypothesis that patients with mild hypertension may present higher blood pressure response to acute water ingestion when compared to normotensive individuals.
Materials and methods

Study population
This study was conducted in eight hypertensive (four men) and 10 normotensive subjects (seven men). As described in Table 1 , hypertensive and normotensive subjects were matched for age and body mass index. None of the subjects were smokers, had diabetes mellitus, dyslipidemia, cardiovascular, pulmonary or renal disease. In the 6 months that preceded the study, subjects were not engaged in any formal exercise programme. Systemic arterial hypertension was established after recording clinic blood pressure measurements in three different days, according to the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation and Treatment of High Blood Pressure.
10 Mean (7s.d.) of three measures of clinic blood pressure was 132/ 9278/6 mm Hg in hypertensive patients and 113/ 7076/6 mm Hg in normotensive subjects (P ¼ 0.001). Before entering the study, hydrochlorothiazide, an antihypertensive medication with no effect on the autonomic nervous system, 11 was discontinued during four half-lives 12 in five hypertensive subjects. The other three hypertensive individuals were not taking any medication. The protocol was approved by the Ethical Committees for Human Research Protocols of the Hospital de Clínicas de Porto Alegre and the Heart Institute and all patients signed an informed consent.
Experimental protocol
In the morning of the experiments, subjects came to the laboratory after fasting for 10 h. Water ingestion was allowed until 1 h before data collection was started, when subjects emptied their bladders. 13 First, the left antecubital vein was cannulated and subjects rested for 30 min in supine position. After this resting period, subjects drunk 500 ml of mineral water (Crystal Fonte Del Rey, São Paulo, Brazil), at room temperature (221C), in less than 5 min. Blood pressure, heart rate, forearm blood flow and muscle sympathetic nerve activity (MSNA) were measured for 5 min at the end of the resting period and in periods between 10-15, 20-25 and 30-35 min after water ingestion. The protocol was interrupted at 35 min after water ingestion to avoid autonomic and haemodynamic effects caused by bladder distension. 13 Signals were obtained with a sample rate of 500 Hz through the WINDAQ (/EX) Data Acquisition System and analysed in the AT/MCA-CODAS programme (DATAC Instruments, Inc., OH, USA). Plasma volume changes were calculated at rest and 10 and 30 min after water ingestion.
Haemodynamic measurements
Blood pressure was monitored noninvasively by a finger photoplethismography device (Finapress 2300, Ohmeda, Englewood, CO, USA) on a beat-tobeat basis. Heart rate was monitored continuously by a lead II of the electrocardiogram. Forearm blood flow was measured by venous occlusion plethysmography (Hokanson, Bellevue, USA), with the dominant arm positioned above heart level as described elsewhere. [14] [15] [16] Forearm blood flow (in ml/min/ 100 ml) was determined on the basis of a minimum of four separate readings. Forearm vascular resistance was calculated by dividing mean arterial pressure (expressed in mm Hg) by forearm blood flow (expressed in ml/min/100 ml tissue) and expressed in units.
Autonomic measurements
MSNA was measured directly from the peroneal nerve using the technique of microneurography as described elsewhere. 17, 18 All recordings of MSNA met previously established and described criteria. Muscle sympathetic bursts were identified by visual inspection by an investigator who was unaware of the patients' clinical condition, and were expressed as burst frequency (bursts/min). Heart rate and systolic blood pressure variability were evaluated by spectral analysis using the fast Fourier transform 19 during 5 min segments. Low frequency (0.04-0.15 Hz) and high-frequency components (0.15-0.5 Hz) were calculated and spectral power density was expressed in normalized units. 19 Respiratory frequency was controlled by a metronome in 12 respirations per minute. 20 Spontaneous baroreflex sensitivity was calculated as the square root of the ratio between RR interval and systolic blood pressure powers and expressed as the 'alpha-coefficient' in the frequency regions around 0.1 Hz. 21 Plasma volume changes Percentual changes in plasma volume before and after water ingestion were estimated by the measurement of haematocrit and haemoglobin (Sysmex, Kobe, Japan) as described by Dill and Costill. 22 Statistical analysis Data are presented as mean7s.d. On the basis of previous studies, 1 we calculated a sample size of eight individuals per group to detect a 5 mm Hg difference in peak blood pressure response to water ingestion, with a power of 0.80 and an alpha of 0.05. Baseline characteristics were compared by Student's t-test and by the Wilcoxon test. Responses to water ingestion were evaluated by two-way analysis of variance for repeated measures. When indicated, multiple comparisons were performed with the Tukey post hoc test. Comparisons between hypertensive patients and controls were made using absolute values, as well as using the area under the curve, the peak effects and percentage changes. Associations were evaluated by the Pearson correlation coefficient. Significant differences were assumed to be at Po0.05.
Results
Baseline measures
Baseline physical, haemodynamic and autonomic characteristics of normotensive and hypertensive subjects are presented on Table 1 . Age, body mass index, heart rate, forearm blood flow, forearm vascular resistance, baroreflex sensitivity, as well as blood pressure and heart rate variability indices were not significantly different between the two groups. Hypertensive subjects had higher clinic systolic blood pressure and clinic diastolic blood pressure. On the day of the experiments hypertensive subjects had higher diastolic blood pressure and MSNA than normotensive subjects at baseline. However, mean systolic blood pressure was higher, but not significantly different between the two groups.
Haemodynamic responses
Acute water ingestion increased similarly blood pressure of hypertensive and normotensive subjects during the protocol (Figure 1) . In hypertensive subjects, blood pressure increased from 139/ 91711/6 mm Hg at baseline to a peak value of 158/105711/8 mm Hg, whereas in normotensive subjects water ingestion increased blood pressure from 124/74710/10 mm Hg at baseline to a maximal value of 142/88710/6 mm Hg. The changes in blood pressure were not significantly different in the two groups when evaluated in specific time periods (Figure 1) , by peak responses, or when compared using the area under the curve method (data not shown).
Water drinking did not change forearm blood flow in specific time periods (Figure 1 ). Peak reduction in forearm blood flow was similar in the two groups. Forearm vascular resistance was increased ( Figure 1 ) by water ingestion at 10 min in both groups (hypertensive, from 49711 units to 61714 units; normotensive, from 49722 units to 58722 units). Peak responses of forearm vascular resistance to water ingestion were also similar in the two groups.
After acute water ingestion, heart rate decreased similarly in the two groups at 30 min (Figure 1 ). Peak reduction in heart rate was also similar in the two groups (hypertensive, from 6478 to 5973 beats/min; normotensive, from 6276 to 5776 beats/min). Acute water ingestion had little effect on plasma volume, which was reduced by 0.870.6% in hypertensive and by 1.070.6% in normotensive subjects at 10 min, returning to baseline with the continuation of the protocol.
Autonomic responses
Acute water ingestion resulted in similar increases in MSNA in the two groups (Figure 2 ). Water ingestion increased MSNA from 2876 to 3678 bursts/ min in hypertensive patients and from 2273 to 3073 bursts/min in normotensive subjects. Sympathetic activation was accompanied by an increase of baroreflex sensitivity (Figure 2 ) in hypertensive (from 4.570.6 to 6.171.4 ms/mm Hg) and normotensive subjects (from 5.171.3 to 6.873.2 ms/ mm Hg).
Vagal modulation of heart rate and blood pressure was increased by water ingestion (Figure 2 ). Highfrequency component of the heart rate variability increased from 4274 to 4978 nu and from 4573 to 4676 nu in hypertensive and normotensive subjects, respectively. High frequency component of the systolic blood pressure increased in hypertensive subjects (from 3676 to 4973 nu) and normotensive ones (from 4276 to 4476 nu). The low-frequency component of the heart rate and systolic blood pressure were not changed after water ingestion in both groups.
Discussion
To our knowledge, this is the first study to investigate the effects of acute water ingestion on haemodynamic and autonomic responses of hypertensive human subjects. We demonstrated that acute water ingestion increases similarly systolic and diastolic blood pressure of hypertensive and normotensive individuals. This effect was accompanied by increases in forearm vascular resistance and MSNA, with no relevant changes in plasma volume. Moreover, after acute water ingestion there was reduction of heart rate and increase of heart rate variability as well as in spontaneous baroreflex sensitivity, compatible with increased parasympathetic modulation.
In our study, acute water ingestion increased consistently systolic and diastolic blood pressure in middle aged normotensive subjects. The pressor effect was associated with a small transient reduction in plasma volume (B1%), 10 min after water ingestion that returned to baseline values after 30 min. Endo et al. 6 also described a transient reduction in Figure 1 Haemodynamic responses to acute water ingestion (mean7s.d.). Systolic blood pressure (ANOVA: group effect P ¼ 0.03; time effect P ¼ 0.02; interaction effect P ¼ 0.86) and diastolic blood pressure (ANOVA: group effect P ¼ 0.006; time effect P ¼ 0.001; interaction effect P ¼ 0.90) and forearm vascular resistance (ANOVA: group effect P ¼ 0.94; time effect P ¼ 0.02; interaction effect P ¼ 0.95) increased in both groups. Forearm blood flow was not changed (ANOVA: group effect P ¼ 0.43; time effect P ¼ 0.17; interaction effect P ¼ 0.74). Heart rate decreased (ANOVA: group effect P ¼ 0.56; time effect P ¼ 0.04; interaction effect P ¼ 0.67) in both groups. Data are presented as mean7s.d. *Significantly different from baseline by the Tukey multiple comparisons test.
plasma volume of healthy young volunteers during the first 30 min after water ingestion, followed by haemodilution. The reduction in plasma volume could be secondary to sympathetic activation, and may be overlooked when evaluation is done after the first 30 min of water ingestion. 1 The haemodynamic responses to water ingestion may also be influenced by its osmotic properties, 23 because the pressor effect of salt water is smaller than pure water. 24 The increase in diastolic blood pressure after water ingestion found in hypertensive and normotensive subjects was similar to that observed in patients with multiple system atrophy and pure autonomic failure with sympathetic denervation. 1 In agreement with previous observations, 25 our subjects with mild hypertension showed higher baseline MSNA when compared to normotensive subjects. However, forearm vascular resistance, parasympathetic nervous activity and spontaneous baroreflex sensitivity at baseline of our mildly hypertensive subjects were similar to normotensive individuals. Other studies have shown that arterial hypertension is accompanied by an increased forearm vascular resistance, impairment of the baroreflex regulation, and reduced parasympathetic modulations to the sinus node. [25] [26] [27] However, it is possible that the group of hypertensive patients in our study could be at an early stage of their natural history, before these haemodynamic and autonomic changes are apparent. . Muscle sympathetic activity in burst/min (ANOVA: group effect P ¼ 0.25; time effect P ¼ 0.001; interaction effect P ¼ 0.70) and burst/100 heart beats (ANOVA: group effect P ¼ 0.50; time effect P ¼ 0.005; interaction effect P ¼ 0.76), baroreflex sensitivity (ANOVA: group effect P ¼ 0.59; time effect P ¼ 0.02; interaction effect P ¼ 0.96) and high-frequency component of heart rate (ANOVA: group effect P ¼ 0.88; time effect P ¼ 0.03; interaction effect P ¼ 0.09) and systolic blood pressure variability (ANOVA: group effect P ¼ 0.82; time effect P ¼ 0.0001; interaction effect P ¼ 0.004) increased in both groups. Data are presented as mean7s.d. *Significantly different from baseline by the Tukey multiple comparisons test.
The sympathetic activation promoted by acute water ingestion had been previously demonstrated by the elevation of norepinephrine levels and autonomic blockage. 1, 2 In tetraplegic patients, acute water ingestion promoted sympathetic activation because of a spinal mechanism, suggesting a reflex response. 4 In two subjects with atrophy of multiple systems, the arterial pressure elevation was eliminated by autonomic blockage with trimethaphan. 1 In this study, the increased sympathetic nervous activity was only detected by microneurography technique, whereas methods of spectral analysis did not show change in low-frequency component of heart rate and systolic blood pressure variability, which are considered as markers of oscillations of the sympathetic activity. 19 During resting situations, autonomic modulation of heart rate shows a marked vagal predominance with very little sympathetic influence. Using autonomic blockage at rest, we have shown that the low frequency component of heart rate variability is not able to reflect sympathetic modulation. 28 Likewise, it is questionable if the low frequency component of systolic blood pressure is determined by sympathetic outflow in resting conditions. 29 The failure of heart rate and blood pressure spectral components in detecting the increase in sympathetic modulation after water ingestion has already been reported by other authors. 4, 8 The increased sympathetic nerve activity was most likely responsible for the vasoconstriction demonstrated by the increased forearm vascular resistance in normotensive and hypertensive subjects. Previous studies have also found an increase in forearm vascular resistance in healthy individuals 2,5 as well as in patients with autonomic dysfunction. 3, 4 The increase in blood pressure due to sympathetic activation could have been partially attenuated by compensatory adjustments. [4] [5] [6] Indeed, both normotensive and hypertensive individuals demonstrated a reduction in heart rate and an increase in the high-frequency component of heart rate and systolic blood pressure variability, consistent with a parasympathetic reflex response to the increase in blood pressure. Likewise, the same reflex response was possibly responsible for the increase in baroreflex sensitivity. 30 The finding that acute water ingestion increases blood pressure of hypertensive and normotensive individuals suggests that this simple intervention could be used to treat symptomatic episodes of hypotension, as is done in individuals with autonomic dysfunction. 1, 22 However, as we only studied patients with mild hypertension, further studies with larger number of patients are needed before this can be generalized to other patient populations. Likewise, the effects of acute water drinking on symptomatic hypotension associated with anti-hypertensive medications should also be formally evaluated. On the basis of our results, clinicians should avoid the measurement of blood pressure immediately after the ingestion of large amounts of liquids.
In conclusion, in hypertensive and normotensive individuals, acute water ingestion elicits a pressor response, an effect that is most likely determined by an increased vasoconstrictor sympathetic activity, and is counterbalanced by an increase in blood pressure and heart rate vagal modulation.
